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1 The progestin and oestrogen component of oral contraceptives have been involved in the
development of venous thromboembolic events in women. In the present study we determined the
vasoactive e�ects of sex steroids used in oral contraceptives in isolated preconstricted rabbit jugular
veins in the presence of diclofenac and examined the underlying mechanisms.

2 The natural hormone progesterone, the synthetic progestins levonorgestrel, 3-keto-desogestrel,
gestodene and chlormadinone acetate, and the synthetic estrogen 17 a-ethinyloestradiol induced
concentration-dependent relaxations of endothelium-intact veins constricted with U46619.
Levonorgestrel also inhibited constrictions evoked by either a high potassium (K+) solution or
phorbol myristate acetate (PMA) in the absence and presence of extracellular calcium (Ca2+). In
addition, levonorgestrel depressed contractions evoked by Ca2+ and reduced 45Ca2+ in¯ux in
depolarized veins.

3 Relaxations to levonorgestrel in U46619-constricted veins were neither a�ected by the presence
of the endothelium nor by the inhibitor of soluble guanylyl cyclase, NS2028, but were signi®cantly
improved either by the selective cyclic AMP phosphodiesterase inhibitor rolipram or in the absence
of diclofenac, and decreased by the protein kinase A inhibitor, Rp-8-CPT-cAMPS. Rolipram also
potentiated relaxations to levonorgestrel in PMA-constricted veins in the presence, but not in the
absence of extracellular Ca2+. Levonorgestrel increased levels of cyclic AMP and inhibited PMA-
induced activation of protein kinase C in veins.

4 These ®ndings indicate that levonorgestrel caused endothelium-independent relaxations of
jugular veins via inhibition of Ca2+ entry and of protein kinase C activation. In addition, the cyclic
AMP e�ector pathway contributes to the levonorgestrel-induced relaxation possibly by depressing
Ca2+ entry.
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Introduction

Since the early 1960s it has been known that the use of oral

contraceptives is associated with an increased risk of venous
thromboembolism (Sartwell et al., 1969; Vessey et al., 1986;
WHO, 1995a,b; Jick et al., 1995). Several studies have

provided evidence that the risk of vascular events is related
to the content of oestrogen but the type and concentration of
progestin also seems to be important (Vessey et al., 1986;

WHO, 1995a,b; Jick et al., 1995; Bloemenkamp et al., 1995;
Spitzer et al., 1996). The pathogenesis of venous thromboem-
bolism in users of oral contraceptives is unknown, but may
relate to changes in the coagulation and ®brinolysis systems

and may also involve mechanisms a�ecting platelets and the
vasculature. The use of oral contraceptives has been shown to
increase plasma concentration of coagulation factor II, VII

and X, and also of ®brinogen (Sabra & Bonnar, 1983; Bonnar,

1987), to reduce those of the physiological inhibitors of the

coagulation including protein S, antithrombin III, and is
associated with a reduced sensitivity to activated protein C
(Bloemenkamp et al., 1995; Sabra & Bonnar, 1983; Bonnar,

1987; Jesperern et al., 1990; Peters et al., 1992; Rosing et al.,
1997). The enhancing e�ect of oral contraceptives on
coagulation appears to be partially counterbalanced by a

simultaneous activation of the endogenous ®brinolysis activity
(Sabra & Bonnar, 1983; Jesperern et al., 1990; Gevers Leuven
et al., 1987). An increased reactivity of platelets has also been
found in users of oral contraceptives (Sabra & Bonnar, 1983;

Bonnar, 1987). Moreover, oral contraceptives may directly
a�ect vascular tone since both 17 b-oestradiol and progester-
one induced concentration-dependent relaxations of isolated

arteries (Jiang et al., 1991; 1992; Omar et al., 1995; Glusa et al.,
1997; Ramirez et al., 1998; Crews et al., 1999). The inhibitory
e�ect of oestrogens on vascular tone involves both endothe-

lium-dependent and -independent mechanisms, whereas the
e�ect of progesterone appears to be due to direct action at the*Author for correspondence.E-mail: schini-kerth@em.uni-frankfurt.de

British Journal of Pharmacology (2000) 130, 1911 ± 1918 ã 2000 Macmillan Publishers Ltd All rights reserved 0007 ± 1188/00 $15.00

www.nature.com/bjp



smooth muscle (Jiang et al., 1991; 1992; Crews et al., 1999;
McNeill et al., 1996; MuÈ gge et al., 1993). Since thrombotic
events following use of oral contraceptives are predominantly

found in the venous circulation and veins have been reported
to have di�erent sensitivities to vasoactive agents compared to
arteries (D'Orleans-Juste et al., 1989; Miller et al., 1989), a
clari®cation of the e�ect of sex steroids used in oral

contraceptives on venous tone is required. Therefore, the
purpose of the present study was to determine whether sex
steroids used in oral contraceptives (progesterone, levonorges-

trel, gestodene, 3-keto-desogestrel, chlormadinone acetate, and
17 a-ethinyloestradiol) a�ect the tone of isolated veins and, if
so, to identify the underlying mechanism of action.

Methods

Materials

HEPES and NG-nitro-L-arginine (L-NNA) were from Serva

(Heidelberg, Germany), diclofenac (Voltaren1 injection solu-
tion) from Ciba-Geigy (Wehr, Germany), cromakalim,
acetylcholine, rolipram, phorbol-12-myristate-13-acetate

(PMA), EGTA as well as the progestins levonorgestrel,
progesterone, chlormadinone acetate and 17 a-ethinyloestra-
diol from Sigma (Deisenhofen, Germany), gestodene and 3-

keto-desogestrel from Organon (Oberschleiûheim, Germany),
onapristone from Schering (Berlin, Germany), Rp-8-CPT-
cAMPS from Biomol, and Ro-31-8220 from Calbiochem (Bad

Soden, Germany). 9,11-dideoxy-11a,9a-epoxymethano-prosta-
glandin F2a (U46619) was kindly provided by Upjohn (Ann
Arbor, MI, U.S.A.) and NS2028 by NeuroSearch (Glostrup,
Denmark). The protein kinase C (PKC) assay was from Gibco

BRL (Karlsruhe, Germany) and the cyclic AMP radio-
immunoassay from RBI Biotrend (KoÈ ln, Germany). Stock
solutions of the following compositions (mM) were prepared in

DMSO: sex steroid (10), PMA (10), Ro-31-8220 (10), NS2028
(1), rolipram (10) and U46619 (1).

Preparation of jugular veins

Male New Zealand white rabbits (1.5 ± 2.0 kg body weight)
were anaesthetized with sodium pentobarbitone (105 mg kg71

intravenous). After exsanguination, both jugular veins were
removed, cleaned of adventitial adipose and connective tissue
and cut into either rings of 3 ± 4 mm length for organ chamber

experiments or segments of 10 ± 12 mm length for determina-
tion of PKC activity, 45Ca2+ in¯ux, and cyclic AMP content.

Organ chamber studies

Rings were suspended between K30 force transducers (Hugo

Sachs Elektronik, Germany) and a rigid support for
measurement of isometric force in 10 ml-organ baths contain-
ing warm (378C) and oxygenated (95% O2/5% CO2) Krebs-
Henseleit solution (pH 7.4, mM composition): NaCl 119.0,

NaHCO3 25.0, glucose 11.1, CaCl2 1.6, KCl 4.7, KH2PO4 1.2,
and MgSO4 1.2, to which the cyclooxygenase inhibitor
diclofenac (1 mM) was added. Passive tension was adjusted

over a 30-min equilibration period to 0.5 g. Rings were
constricted with potassium chloride (KCl, 80 mM) followed
by a 30-min wash-out period. Thereafter, rings were

constricted with U46619 (0.1 ± 0.3 mM) and once a stable
plateau was achieved acetylcholine (10 mM) was added to verify
the presence of endothelium. Following a 30-min washout
period rings were constricted with either KCl (80 mM), U46619

(0.1 ± 0.3 mM) or PMA (a PKC activator, 0.1 ± 1 mM) before
construction of a concentration-relaxation curve to a sex
steroid or solvent. In some experiments the extracellular

calcium (Ca2+) was removed by changing three-times the
Krebs-Henseleit solution with a Ca2+-free Krebs-Henseleit
solution containing ethyleneglycol-bis-(b-aminoethyl ether)-
tetraacetic acid (EGTA 100 mM) and then six-times with a

Ca2+-free Krebs-Henseleit solution without EGTA. The
removal of Ca2+ from the extracellular medium was con®rmed
by the absence of a constriction to KCl (80 mM). Thereafter, a

concentration-constriction curve to calcium chloride in a
Ca2+-free Krebs-Henseleit solution containing KCl (80 mM)
was performed in the absence and presence of levonorgestrel.

In some experiments, veins were constricted with either
U46619 or PMA before addition of rolipram (100 nM), a
selective inhibitor of the cyclic AMP phosphodiesterase

(Lugnier et al., 1986) or Rp-8-CPT-cAMPS (300 mM), a
selective protein kinase A inhibitor (Gjertsen et al., 1995), for
15 min followed by the construction of a relaxation curve to
levonorgestrel or cromakalim, an opener of ATP-dependent

K+ channels (Edwards & Weston, 1995).

45Ca2+ experiments

The uptake of Ca2+ into venous segments was estimated by
measuring the increase in 45Ca2+ content in tissues during

exposure in a Krebs-Henseleit solution containing 45Ca2+

(0.2 mCi ml71) in the absence and presence of KCl (100 mM).
Lanthanum, which has been shown to displace extracellularly

bound Ca2+ while having little or no e�ect on the intracellular
Ca2+ content (Godfraind, 1976), was used to remove the
relatively large amount of 45Ca2+ in the extracellular space
which would otherwise interfere with the determination of

cellular 45Ca2+. The segments were equilibrated for at least
60 min in Krebs-Henseleit solution maintained at 378C and
aerated with a gas mixture of 95% O2 and 5% CO2. To

measure stimulated in¯ux of 45Ca2+, tissues were preincubated
in Krebs-Henseleit solution containing 45Ca2+ for 5 min before
being exposed to KCl (100 mM) in the presence of 45Ca2+ for

5 min. To test the e�ect of levonorgestrel on KCl-induced
45Ca2+ in¯ux, levonorgestrel (100 mM) was added to the
incubation medium 2 min before the addition of KCl. Control
tissues, taken from the same vein, were incubated with 45Ca2+

in the course of the experiment. Thereafter, vein segments were
washed for 5 min in 200 ml of a La3+ solution (mM): NaCl
122, KCl 5.9, MgCl2 0.38, LaCl3 50, glucose 11, Tris maleate

15; pH 6.8, to remove extracellular Ca2+ from the segments.
After the La3+ wash, the vein segments were placed between
two sheets of ®lter paper and pressed three times with a roller

weighing 350 g. Each vein segment was weighed, dissolved in
0.1 ml of a solution composed of equal parts of perchloric acid
(37% w v71) and H2O2 (30 vol) by heating for 15 min at 758C.
After cooling, 4.5 ml scintillation ¯uid (Rotiszint1 eco plus,
Roth, Germany) was added and the radioactivity of the
samples counted in a liquid scintillation counter.

Determination of PKC activity

Vein segments were equilibrated in HEPES-Tyrode (pH 7.4;

mM composition: NaCl 132.0, HEPES 9.4, glucose 5.0, KCl
4.0, MgCl2 0.49, CaCl2 1.0), at 378C prior to the addition of
levonorgestrel (30 mM) or solvent (dimethyl sulphoxide,

DMSO, 0.3%). After a 10-min incubation period, segments
were either untreated or exposed to PMA (1 mM) for 5 min.
Segments were immediately blotted on ®lter paper and then
frozen in liquid nitrogen. Segments were homogenized in liquid
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nitrogen and the powder was collected in Eppendorf tubes
containing 150 ml ice-cold extraction bu�er for protein
(composition: Tris 10 mM, pH 7.5, b-mercaptoethanol 10 mM,

ethylenediaminetetraacetic acid (EDTA) 0.5 mM, EGTA
0.5 mM, Triton1X-100 0.5%, aprotinin and leupeptin each
25 mg ml71). The homogenate was vortexed, incubated for
45 min at 48C, and centrifuged (20 min, 13,0006g, 48C). The
supernatant was removed and the amount of protein was
determined by the Bradford method. Each sample (40 mg
protein) was incubated in the absence (duplicate) and presence

of 10 ml PKC inhibitor solution [PKC (19 ± 36) 100 mM, Tris
20 mM, pH 7.5] for 20 min at room temperature. The
enzymatic reaction was started by addition of 10 ml of 32P-

marked substrate solution [containing acetylated myeline basic
protein (Ac-MBP 4-14) 250 mM, adenosine triphosphate (ATP)
100 mM, CaCl2 5 mM, MgCl2 100 mM, Tris 20 mM, pH 7.5,

[g-32P]ATP 25 mCi ml71 substrate solution] at 378C. After
15 min, 25 ml of the reaction mixture was removed from each
tube and spotted onto a phosphocellulose disc paper. The
phosphocellulose paper was washed three times with phos-

phoric acid (1%) for 5 min and then twice with distilled H2O
for 3 min. The discs were put into scintillation vials containing
10 ml of scintillation ¯uid. The peptide incorporated 32P was

counted using a b-counter. The background activity obtained
in the presence of the PKC inhibitor was subtracted from each
value to obtain the speci®c PKC activity of each sample.

Determination of cyclic AMP content

Vein segments were equilibrated in HEPES-Tyrode at 378C for
1 h prior to the addition of rolipram (1 mM). After a 20-min
incubation period segments were either treated with solvent
(DMSO, 0.3%) or exposed to levonorgestrel (30 mM) for

various times. Segments were immediately frozen in liquid
nitrogen. After homogenization in liquid nitrogen, the powder
was collected in Eppendorf tubes containing ice-cold trichloro-

acetic acid (TCA; 6%). The homogenate was incubated for
30 min at 48C, mixed several times and then centrifuged
(20 min, 13,0006g, 48C). The protein pellet was kept for

protein determination by the method of Lowry. The super-
natant was extracted three times with H2O-saturated ether
(5 vol ether/vol H2O). The cyclic AMP content in each sample
was determined using a commercial radioimmunoassay kit.

Data analysis

All data are expressed as means+s.e.mean. n represents the
number of di�erent animals studied. The EC50 and IC50 values
are de®ned as the concentration of the drug evoking half-

maximal constriction and relaxation, respectively. Statistical
evaluation was performed by Student's paired t-test or when
more than two treatments were compared by ANOVA

followed by Student-Newman-Keuls t-test. A P value 50.05
was considered statistically signi®cant.

Results

The natural hormone progesterone, the synthetic progestins

levonorgestrel, 3-keto-desogestrel, gestodene and chlormadi-
none acetate and the synthetic estrogen 17 a-ethinyloestradiol
elicited concentration-dependent relaxations of endothelium-

intact rabbit jugular veins constricted with U46619 (0.1 ±
0.3 mM) in the presence of diclofenac (1 mM) (Figure 1 and
Table 1). The onset of the relaxation to each sex steroid
occurred within 1 min, and was maximal within 15 min.

Further experiments were performed with levonorgestrel to

characterize the mechanism underlying the relaxation. Relaxa-
tions to levonorgestrel were una�ected by onapristone, an
antagonist of intracellular progesterone receptors (10 mM, data

not shown, Edwards et al., 1995). Higher concentrations of
onapristone could not be tested due to a marked reduction of
U46619-induced constrictions. Levonorgestrel also inhibited

constriction of vein rings induced by either KCl or PMA to a
similar extent as those induced by U46619 (Figure 2a,b).
Relaxations to levonorgestel in U46619-constricted veins were
slightly but signi®cantly greater in the absence of diclofenac

(IC50 changed from 3.5+0.8 to 1.8+0.5 mM without a�ecting
maximal relaxation to levonorgestel 30 mM which changed
from 98.7+4.1 to 102.4+1.4, n=6) and were a�ected neither

by the presence of the endothelium (Figure 3a) nor by the
inhibitor of nitric oxide synthase, L-NNA (10 mM; data not
shown), and also not by the inhibitor of soluble guanylyl

cyclase, NS 2028 (Figure 3b, Olesen et al., 1998). Next, the
possibility that levonorgestrel a�ects Ca2+-induced constric-
tions was examined. Addition of extracellular Ca2+ to

depolarized vein rings caused a concentration-dependent
constriction, which was signi®cantly attenuated by levonorges-
trel (Figure 4a). The EC50 changed from 291+50 to
676+67 mM CaCl2 and the maximal constriction was reduced

from 100 to 69.7+4.5%. In addition, 45Ca2+ experiments were
performed to test whether levonorgestrel a�ects Ca2+ in¯ux in
depolarized veins. Incubation of vein segments in a depolariz-

ing solution (100 mM KCl) caused 45Ca2+ in¯ux, and this e�ect

Figure 1 Concentration-relaxation curve to levonorgestrel in
endothelium-intact rabbit jugular vein rings constricted with
U46619 (0.1 ± 0.3 mM). Experiments were performed in the presence
of diclofenac (1 mM). Results are expressed as mean+s.e.mean of
four di�erent experiments.

Table 1 Relaxation evoked by sex steroids on rabbit
jugular vein rings with endothelium

IC50

(mM)
Max. relaxation

(%)*

Levonorgestrel
Chlormadinone acetate
3-keto-desogestrel
Gestodene
Progesterone
17 a-ethinyloestradiol

5.5+1.7
20.6+8.9
5.4+1.2
3.9+2.8
4.0+1.5
2.3+0.7

97.2+4.9
65.3+8.7
97.7+2.2
110.2+7.6
105.9+3.7
95.9+9.1

*Relaxation evoked by sexual steroids (30 mM). The IC50

value is de®ned as the concentration of a sex steroid
inducing half-maximal relaxation. Data are expressed as
mean+s.e.mean of 3 ± 5 di�erent experiments.
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Figure 2 Concentration-relaxation curves to levonorgestrel in endothelium-intact jugular vein rings constricted with (a) potassium
chloride (KCl) and (b) phorbol 12-myristate-13-acetate (PMA). Experiments were performed in the presence of diclofenac (1 mM).
Results are expressed as mean+s.e.mean of (a) four, (b) three di�erent experiments.

Figure 3 Concentration-relaxation curves to levonorgestrel in U46619 (0.1 ± 0.3 mM)-constricted jugular vein rings (a) with and
without endothelium and (b) with endothelium in the absence and presence of NS2028 (10 mM). Experiments were performed in the
presence of diclofenac (1 mM). Results are expressed as mean+s.e.mean of 3 ± 7 di�erent experiments.

Figure 4 (a) E�ect of levonorgestrel on the calcium chloride (CaCl2)-induced constriction of endothelium-intact jugular vein rings
in a Ca2+-free Krebs-Henseleit solution containing potassium chloride (80 mM). Rings were preincubated either with solvent or
levonorgestrel (10 mM) for 3 min prior to the construction of a concentration-constriction curve to CaCl2. (b) E�ect of
levonorgestrel on the KCl (100 mM for 5 min)-induced 45Ca2+ in¯ux in endothelium-intact jugular vein segments. Segments were
preincubated with either solvent or levonorgestrel (100 mM) for 2 min prior to the addition of KCl. Experiments were performed in
the presence of diclofenac (1 mM). Results are expressed as mean+s.e.mean of seven di�erent experiments. *P50.05.
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was markedly reduced by levonorgestrel (100 mM; added 2 min

prior to KCl; Figure 4b). Levonorgestrel, in addition to
inhibiting PMA-induced constrictions in a Ca2+-containing
Krebs-Henseleit solution (Figure 2b), also signi®cantly
inhibited those evoked in a Ca2+-free solution (Figures 5a

and 6c). Since the PMA-induced constrictions in the absence of
extracellular Ca2+ were abolished by Ro-31-8220 (1 mM; data
not shown), experiments were performed to test whether

levonorgestrel inhibits the activation of PKC. Exposure of vein
segments to PMA (1 mM) for 5 min signi®cantly increased
PKC speci®c activity (Figure 5b), a response which was

abolished by Ro-31-8220 (1 mM; data not shown). The
stimulatory e�ect of PMA was signi®cantly prevented by
levonorgestrel (30 mM; added 10 min prior to PMA) whereas

the progestin alone had only minimal e�ects (Figure 5b).
Since estrogens have been shown to induce the formation of

cyclic AMP in arteries and some non-vascular tissues (MuÈ gge
et al., 1993; Aronica et al., 1994), the role of the cyclic AMP

relaxing pathway in the levonorgestrel-induced relaxation of
vein rings was examined. In the presence of the selective cyclic
AMP phosphodiesterase inhibitor, rolipram (100 nM), the

levonorgestrel-induced concentration-relaxation curve of

Figure 5 (a) Representative tracing demonstrating the levonorgestrel-induced relaxation of an endothelium-intact jugular vein ring
constricted with PMA in a Ca2+-free Krebs-Henseleit solution, (b) e�ect of levonorgestrel on the PMA-induced protein kinase C
speci®c activity in endothelium-intact jugular vein segments. Segments were exposed to either levonorgestrel (LNG, 30 mM) or
solvent (DMSO 0.3%, CTL) for 10 min prior to the addition of PMA (1 mM) for 5 min. Results are expressed as mean+s.e.mean of
four di�erent experiments. *P50.05.

Figure 6 E�ect of (a) rolipram (100 nM) and (b) Rp-8-CPT-cAMPS (300 mM) on the levonorgestrel-induced relaxation in
endothelium-intact jugular vein rings constricted with U46619 (0.1 ± 0.3 mM), and (c) e�ect of rolipram (100 nM) on the
levonorgestrel induced relaxation in endothelium-intact jugular vein rings constricted with PMA (1 mM) in the absence and presence
of extracellular Ca2+. Rings were exposed to either solvent or an agent for 15 min prior to construction of the concentration-
relaxation curve to levonorgestrel. Experiments were performed in the presence of diclofenac (1 mM). Results are expressed as
mean+s.e.mean of 3 ± 6 di�erent experiments respectively. *P50.05 vs respective control.

Figure 7 E�ect of levonorgestrel on the formation of cyclic AMP in
segments of endothelium-intact rabbit jugular veins. Segments were
exposed to rolipram (1 mM) for 20 min prior to the addition of
levonorgestrel or solvent. Results are expressed as mean+s.e.mean of
®ve di�erent experiments. *P50.05 vs control.
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U46619-constricted veins was shifted signi®cantly to the left
(Figure 6a), whereas relaxations to cromakalim, an opener of
ATP-sensitive K+ channels, were una�ected (IC50 values were

0.20+0.04 and 0.28+0.14 mM in the absence and presence of
rolipram, respectively, n=6). In contrast, levonorgestrel-
induced relaxations were signi®cantly attenuated in the
presence of the selective protein kinase A inhibitor, Rp-8-

CPT-cAMPS (300 mM; IC50 values were 2.1+0.5 and
7.2+2.1 mM in the absence and presence of Rp-8-CPT-
cAMPS, respectively, Figure 6b). A potentiation of the

levonorgestrel-induced relaxation by rolipram was also
observed in vein rings constricted with PMA in the presence,
but not in the absence of extracellular Ca2+ (Figure 6c). In

addition, levonorgestrel signi®cantly increased the formation
of cyclic AMP in veins. The maximal e�ect of 220.5+61.3%
was observed after a 2-min treatment period (Figure 7).

Incubation of veins with the adenylyl cyclase activator
forskolin (1 mM for 5 min) markedly increased cyclic AMP
levels by 2047.4+227.9% (n=5).

Discussion

The present ®ndings demonstrate that sex steroids used in oral
contraceptives (progesterone, levonorgestrel, 3-keto-desoges-
trel, gestodene, chlormadinone acetate and 17 a-ethinyloestra-
diol) induce pronounced relaxations of isolated rabbit jugular
veins constricted with U46619. These ®ndings extend previous
data obtained with isolated arteries that have shown acute

vascular relaxations in response to progesterone in constricted
blood vessels such as porcine and rabbit coronary arteries
(Jiang et al., 1992; Crews and Khalil, 1999) and rat aorta
(Glusa et al., 1997). Relaxation was also observed in response

to the synthetic progestins norethisterone acetate and
chlormadinone acetate in rat aorta (Glusa et al., 1997), and
to 17 b-oestradiol in rat tail artery, and human, rabbit and pig

coronary arteries (Jiang et al., 1991; Crews & Khalil, 1999;
McNeill et al., 1996; MuÈ gge et al., 1993; White et al., 1995).
Moreover, the data indicate that most of the sex steroids

investigated were equipotent in inducing relaxation in U46619-
constricted veins. In addition, as expected, the prodrug of 3-
keto-desogestel, desogestrel, caused only small relaxations
(data not shown). In contrast to the ®ndings obtained with

isolated veins, estrogens have been reported to induce greater
relaxations than progesterone and the synthetic progestins in
isolated arteries. The relative rank order of potency for

relaxation in phenylephrine-constricted rat aorta was 17 b-
oestradiol4progesterone4synethetic progestins (Glusa et al.,
1997), and in PGF2a-constricted porcine coronary arteries 17

b-oestradiol4progesterone (Crews & Khalil, 1999). These
di�erences in sensitivity may imply that the tone of the arteria
bed is regulated predominantly by oestrogens whereas

progestins regulate in addition to oestrogens that of the
venous bed. Alternatively, such changes in potencies could also
re¯ect di�erences in the animal model, vascular bed, and/or
contractile agents used. The ®ndings obtained with isolated

blood vessels are in good agreement with those obtained
following acute administration of oestrogens in intact animals
and in women. Subcutaneous administration of 17 b-oestradiol
in female guinea pigs reversibly and signi®cantly lowered both
the resting systemic blood pressure and the peak systolic blood
pressure induced by a pressor challenge of norepinephrine

(McCa�rey & Czaja, 1989). In addition, an intravenous
infusion of 17 b-oestradiol in ovariectomized nonpregnant
sheep caused a signi®cant decrease in systemic vascular
resistance (Magness & Rosenfeld, 1989). Moreover, sublingual

administration of 17 b-oestradiol increased blood ¯ow in the
peripheral vasculature in postmenopausal women (Volterrani
et al., 1995). The possibility that, like oestrogens, progestins

acutely regulate blood ¯ow and vascular resistance in vivo still
remains to be addressed.

The characterization of the sex steroid-induced relaxation in
veins was next performed with levonorgestrel, a major

synthetic progestin used in oral contraceptives. These studies
indicate that the levonorgestrel-induced relaxation of jugular
veins is not mediated by the endothelium but due to a direct

action at the vascular smooth muscle. Moreover, experiments
without the cyclooxygenase inhibitor diclofenac have indicated
that vasorelaxing prostanoids contribute only minimally to the

levonorgestrel-induced relaxation of jugular veins. The results
are consistent with the experimental data that have shown that
progesterone caused acute relaxations of isolated arteries in an

endothelium- and cyclooxygenase-independent manner (Jiang
et al., 1992; Crews & Khalil, 1999). In contrast to progestins,
the ability of 17 b-oestradiol to acutely relax isolated arteries
was shown to be dependent on an intact endothelium and

mediated by nitric oxide in some arteries (McNeill et al., 1996;
Collins et al., 1994), but independent in several other types of
arteries (Jiang et al., 1991; Glusa et al., 1997; MuÈ gge et al.,

1993; White et al., 1995). Nitric oxide also appears to mediate
the oestrogen-induced acute changes in haemodynamics in
experimental animals since these e�ects were prevented by

inhibitors of nitric oxide synthase (Van Buren et al., 1992;
Rosenfeld et al., 1996). Moreover, endothelium-derived nitric
oxide is also involved in the potentiating e�ect of 17 b-
oestradiol on endothelium-dependent vasodilatation in post-
menopausal women (Gilligan et al., 1994a,b).

In vitro studies have suggested the involvement of several
molecular mechanisms in the sex steroid-induced acute

relaxation of blood vessels. It has been proposed that
progesterone induces relaxations in human cerebral artery by
opening ATP-dependent K+ channels (Leathard & Eccles,

1987), and that 17 b-oestradiol induces relaxations in porcine
coronary arteries by opening Ca2+-dependent K+ channels
(White et al., 1995). However, in the present study, changes in

K+ conductivity are unlikely to play a major role in the
levonorgestrel-induced relaxation since similar relaxations
were obtained in veins constricted with a high or normal
extracellular [K+]. It has also been suggested that the relaxing

e�ect of sex steroids involves modulation of the activator
Ca2+ signal in the vascular smooth muscle. Indeed, 17 b-
oestradiol and progesterone inhibited high K+-induced 45Ca2+

in¯ux in arteries and also the increase in constriction induced
by addition of Ca2+ to depolarized arteries, whereas the
release of Ca2+ from intracellular stores was una�ected

(Crews & Khalil, 1999; Han et al., 1995; Shan et al., 1994).
The inhibitory e�ect appears to be due to a decreasing e�ect of
17 b-oestradiol on voltage-dependent Ca2+ channels without

changing Ca2+ sensitivity of contractile elements in vascular
smooth muscle cells (Han et al., 1995; Shan et al., 1994). The
present ®ndings indicate that an inhibition of Ca2+ entry from
the extracellular space also appears to contribute to the

levonorgestrel-induced relaxation since the progestin signi®-
cantly depressed Ca2+-induced contractions and 45Ca2+ in¯ux
in veins exposed to high K+. However, since levonorgestrel

inhibited extracellular Ca2+-independent constrictions of veins
induced by PMA, the progestin, in addition to the regulation
of the activator Ca2+ signal, also appears to a�ect protein

kinase C-dependent mechanisms. Such an assumption is
con®rmed by the present biochemical studies indicating that
levonorgestrel signi®cantly reduced the PMA-induced activa-
tion of protein kinase C in veins. The present ®ndings also
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indicate that levonorgestrel signi®cantly stimulated the
formation of cyclic AMP in veins and that this e�ect
contributes to inhibit vascular tone. Indeed, relaxations to

levonorgestrel in both U46619- and PMA-constricted veins
were signi®cantly increased by the selective cyclic AMP
phosphodiesterase inhibitor rolipram and decreased by the
selective protein kinase A inhibitor Rp-8-CPT-cAMPS. The

potentiating e�ect of rolipram is not due to changes in smooth
muscle responsiveness since relaxations to cromakalim, an
opener of ATP-dependent K+ channels, were una�ected. The

cyclic AMP e�ector pathway may contribute to the
levonorgestrel-induced relaxation by modulating Ca2+ entry,
since cyclic AMP has been shown to decrease the activity of

voltage-dependent Ca2+ channels in vascular smooth muscle
cells (Wang et al., 1991; Xiong et al., 1994). In addition, a
modulation of protein kinase C activity by the cyclic AMP

pathway is rather unlikely since rolipram did not potentiate
levonorgestrel-induced relaxations in PMA-constricted veins
in the absence of extracellular Ca2+. Consistent with such an
e�ect, maximal adenylyl cyclase activity is critically dependent

on the presence of extracellular Ca2+ (Piascik et al., 1983), and
rolipram evoked small relaxations of PMA-constricted veins
in the presence but not in the absence of extracellular Ca2+

(Herkert, personal communication).
The progestin-induced reduction of venous tone observed in

the present study may be of physiological relevance since this

e�ect is observed at concentrations which are within the range

of those found in the serum of women taking oral contra-
ceptives. The peak serum concentrations of gestodene in
women taking the combination of 30 mg ethinyloestradiol and

75 mg gestodene were approximately 0.1 mM (Kuhl et al.,
1988a), those of 3-keto-desogestrel were approximately
0.01 mM after intake of the combination of 30 mg ethinyloes-
tradiol and 150 mg desogestrel (Kuhl et al., 1988b), and those

of levonorgestrel were approximately 0.01 mM after intake of
30 mg ethinyloestradiol and 150 mg levonorgestrel (HuÈ mpel et
al., 1978). Although the contribution of changes in venous tone

to the development of thromboembolic events remains to be
determined, one can speculate that progestins may intensify
the vasodilatation caused by ethinyloestradiol in veins leading

to a pronounced reduction of blood ¯ow velocity which results
in a closer contact of platelets with the vessel wall (Tangelder et
al., 1988).

In conclusion, sex steroids used in oral contraceptives
relaxed constricted jugular veins. Levonorgestrel similarly
inhibited veins constricted with U46619, high K+, or PMA,
suggesting that this compound controls a common crucial

event in the cascade leading to activation of the contractile
apparatus. The characterization of the response to levonorges-
trel indicates that the relaxation was endothelium-independent,

but appeared to be due to an inhibition of Ca2+ entry and
activation of protein kinase C. The levonorgestrel-induced
impairment of Ca2+ entry is likely to be mediated by the

levonorgestrel-induced increase in cyclic AMP.
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